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8UMMARY 

An investi@Ltion was oaldu~ted to tL%orrelate the eagtne service 
perfomanoe of cast Vitallium turbine buckets with standsrd lsbora- 
torymtallurgioaldats. Data were obtaiped fPm four turbine wheels 
of Timken alloy with sast Vitallim buokets. In order to aooelerate 
buoket deteri&atlon, the turbine wheels were subjeoted to 20-minute 
oyoles ocmsistiag of 5 zainutes at idle and 15 naiautes at rated speed. 

-. 

ri 

A bucket broke m the first wheel during oyole 22 after 7 hours 
and 20 lnhurtes. The broken bucket was replaced aud during the third 
cycle after the replacment a seocmd buuket broke after a total 
runn- time of 8 hours snd I.2 minutes. The first bucket failure cm 
the seoond wheel ocmrred during oyole 29 after 9 hours and 28 min- 
utes; no further failure oouumed during 66 additional cyoles. 
Total runulng time on this wheel was 31 hours snd 40 minutes. The 
third wheel was run for 229 oyules (76 hr and 20 min, total ruuning 
time) without a failure. The fourth wheel wss operated for 105 
oyoles (35 hr, totalrundng time) without a failure. mticm 
of the broken buckets ZndUated that the failures were probably due 
to fatigue. b¶aesive eutedilo areas that existed near the trailin 
edge probably atributed to the low fatigue strength. 

As part of a general evslusticin of various heat-resisting alloys 
for jet-engine and @m-turbine appliuation, iuvestigations were made 
cm four T-en-alloy turbine wheels with east Vitallium budkets in 
order to mrrdate the perfomance in acltual engine operation with 
Standard 11~3tft~Urgid LsborrrtOry test%. 

. 

Each af the turbine wheels wss run through the sme cyclic 
engine test. The cyclio type d test was choeem so that the tur- 
bine buckets would be subjected to a greater therm& shockthsu 
wouldbe encounteredinnormaloperationanbsotheLtthetlme 
necessary for a bucket to fail would be reduced. 
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Caet Vitallium buckete of the o -t produoticn type were lnves- 
tigated in order to have a basis for the evaluation of materials that 
have not been previously used in this applicati=. 

Chemical analysis and metallurgioal examinations were made cn 
the broken and unbroken buokete and measursmsnts to dotemine the 
turbine-bucket elongation were taken during the lnspecltion periods. 
The temperature of the material In the leading edge of turbine-nozzle 
blades was measured at eeveral rotor speeds. 

APPARATUS 

The investigation of the four Timken-alloy turbine wheels with 
east Vitalllum buckets was oonduoted on several turbojet englnes 
mounted on a pendulum-type sea-level test stand, as shown in figure 1. 
The turbojet engines, which inaorporate a dual-entry oentrirugal 
ocmpressor, 14 canbustlon ahambere, snd a sin&e-eta&e turbine, have 
a thrust rating of 4000 pounds. 

The fuel used wae AH-F-32. Rotor speed was measured by a ohron- 
ometric tachaueter. Gas temperature was measured at the exhaust-cone 
outlet by 14 unshielded &rcanel-alumel thermooouples equally spaoed 
about the oircumference and ertending radially 2 inches into the tail 
Pipe. The gae temperature at the exhaust-ome outlet was ocmtxolled 
by an NACA variable-area jet nozzle (ffg. 1). 

Turbine-bucket failures were detested by means of a Sperry-M.I.T. 
line--vibratfou pi&up unit mounted on the acoessory case of the 
engine and connected to an sleotxonio voltmeter. An attempt was made 
to determIne the change in the turbine-wheel radius and the bucket 
elongation due to engine operation. The method used to measure the 
radius of the turbine wheel was not suffiolently aomrate to deter- 
mine the small ohanges in the turbine-wheel dimensions. The fixture 
used to obtain the ohange in positi- of the bucket tips (fig. 2) 
gave very satisfaatory results. The change fn position of the buoket 
tips, which is presented as turbine-buoket eletion, 1% aotually 
the bucket elongation plus the ohenge in the wheel radius. 

The four turbine wheels lnveetfgated were of Tlmken alloy, 
forged according to standard practice, with aast Vitallium buakets. 
Wheel aseemblies 1, 2, and 4 were made by one mauufacturer snd wheel 
assembly 3 was msde by another. 
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Cyolio B@ne Test 

For each test, au m&ne was assembled with oue of the four 
wheels and mounted in the test cell. The turbtie-wheel radius and 
the bucket lengths were measured before the engine was run. 

I&zring the starting period, the gas temgeratura at the edmust- 
co98 outlet was held at or below 1800° F. !Che engine was operated 
at a rotor speed of 6000 z-pm to aheck the oondition of the engine 
before stsrting the oy~~lic runs eaoh day. After the engine cheek 
was obtained, the emgine was subjeoted to 200minute oyoles oousist- 
%ng of 5 minutes at idle snd I.5 minutes at rated speed. The allow- 
able variation in rotor speed and exhaust-oone-,outlet temperature 
is presented in the following table: 

Duration 

5 
0 

15 
0 

:sec) 

0 
15 

0 
15 

Rotor speed 
h-P=) 

35OW50 
Acoeleratiou 

to 11,500 
11,500*0 

Deceleration 
to 3500 

Isstemperatureat 
trhaust-coue outlet 

(W 
1110 maximum 

145W50 

124OSO 
1240 msximm 

The sequence of operatim listed In the table oonstltutes rme 
cycle. After a five-cycle run, the engine was shut down and a 
visual inspection of the turbine was made without removal of the 
tail pipe. After eaoh 15 cycles, the exhaust oone was removed and 
the turbine-wheel radius and the bucket lengths were measured. The 

- wheel aud the btmkets were Inspeoted by the Zyglo proms% snd the 
entire engine was visually inspected. 

After the first turbine-bucket failure 011 a wheel, the extent 
of the damage to the rmatiing buckets was carefully noted in order 
to be certain that subsequent bucket failures were not uaused by 
nicks frm a previous failure. The bucket failures mentioned 
damaged the tips of the remaining buokets but none of the butits 
were nicked cm either the leading or the trailing edges in the mea 
where subsequent failures oocurred. 
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Metallurgioal Exsmination 

Identifioatlan. - The buokets to be examined were identified 
by assiepiug to eaoh the number of thewheelandammber indicating 
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its relative position on the wheel. For exsmple, bucket 13 
cm wheel 1 is desleplsted buoket l-13. 

Visual examination. - The broken buckets were exsmhed visually 
and under a low-power mlorosoope before they were seotianed for 
further analysis. 

Maoroemminatlon. - The buokets were electrolytically etohed 
in lo-peroaut hydroohlorio aoid to show the grain size. Eud and 
side views of the broken edge6 are shown in figures 3 end 4, 
respeatlvely. 

che!micalanalysis. - He&P of the dovetail se&Ian of each 
buoket etied was out off with sn abrasive wheel and chips were 
rePnovedfrcmea&. These ohips were then aualyeed by a casaerolal 
laboratory. The snalysis ofmolybdenumoontentpres~tsdxas~e 
by the Batlonal Bureau of Gtandarde- 

Miaro-fnat1cm. - Two samples were cut frrxu both the leading 
aud the trailing edges of the broken buokets. The locations from 
which the samples were taken are shown in figure 5. The emuplea 
were polished and electrolytioally etohed in hydrouhloric acid. 

X-ray exsmlnatigpl. - Glsnoing photographs of the oracks were 
taken with a 225-millimeter camera using a oollimatiug slit, au 
iron tube, end a memgauese filter. 

. 

Cyolio engine tests were made ou four turbine wheels with east 
Vitallium buokets. Metallurglual examinations were made on the 
broken buukets to deter&ne the cause of the failures. 

Bbglne Test 

Wheel ,l. -Wheellwas installed inau engine audwasmn-in 
by the engine manufacturer prior to the tests at the Cleveland lab- 
oratory. The first failure on wheel 1 oocurred during oyole 22 
after 7 hours and 20minutes. The broken bucket (buoket l-W), 
shown in figure 6, was replaced, thewheelrebalauoed,audthe ruus 

c 

. 

c 
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oontimed . Btmket l-2 failed three cyales later during oycle 25 
after atotalrunningtlxns of 8 hours aud l2minutes (fig. 7). 
Buckets l-l.2 and l-14 were removed for aaap8risa~ with the broke 
buokets. 

Wheel 2. - wheel 2 had not been ruu prior to this lnvestiga- 
tion. The first bucket failure on wheel 2 (buoket 2-18) omurred 
In cyole 29 after 9 hours and 28 mGiutes (fig. 8). The broken 
buoket was replaced, the wheel rebalsmed, and the run cont%nued. 
After 95 cycles (31hr, 40 mln total runniq time), the test was 
stopped to rep& the rear-aazpressor-inlet guide vsnes and the 
ring-and-tube asssnibly. 

Wheel 3. -Wheel3hed beenrun-in bythe e@nemsnufa&urer 
and had been opetmted 36 mlnutes by the Army Air &roes prior to 
the investigatlcm at this labmatmy. 

After 11 hours and 8 mlnutes, the ring-end-tube assembly was 
found to be so badly dama@ that the engLue could not be run. 
The amage sustained by one of the outer flame tubes is shown in 
figure 9. Operation was resumed &ter the rlng-snd-tube asssuibly 
had been replaoed. An inspeeticm after a total running time of 
28 hours and 44 Wnutes showed fhst the nozzle Uaphrm had been 
bsdly eroded (fig. 10) and that the stiffeners cm the mstpressor 
uover plate were aracked. 

The turbine wheel was therefore ranoved, installed in another 
engine, and the ruma resumed. After cycle 229 (76 hr, 20 min 
total running time), the nozzle ai8phraepl was sgain fouud to be in 
bad condition and the engine was removed fram the test oell for 
overhaul. No bucket failure had occurred. I&my of the buokets had 
shifted in the axial dire&on, six of them sufficiently to rub on 
the gas baffle in the exhaust cane (fig. 11). Two buckets 
(buokets 3-16 and 3-43) were removed frcm wheel 3 for oauparison 
with the broken buokets fran the other wheels. 

Wheel 4. - Wheel 4 had not beep run prior to this investig&- 
tion. This wheel was rtm to obtain a cheek on the results obtained 
f'rca~ wheel 2. I!To bucket failure ocotmred, however, in 105.cycles 
(35 hr total runnin6 time). 

Summary cf bucket failures. - The results of the engins tests 
are sumbar ized in the following table: 
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FirE buskst failurs ure 
wheel 

1 

2 
3 

4 

buokst fal 
Potalrun- 

:yolee Zydes sing time i 
8 

Bucket 

Ruu-lnby 
-- 
faatumr 

Eone 
Run-In by 
mll- 
faoturer 
plus 36 
min by 

25 12 

40 

2 

9 
76 

95 (4 

Hone 

22 

29 
229 

105 35 0 (4 I 
aHo failure. 

Turblns-bnsket elongation. -The elougaticmof the turbine 
brmkets for the four wheels is plottsd In figurs 12; the busket fail- 
ures are also indiuatea. The first bucket failures on wheels 1 and 2 
so dsmaged the tips of all the other busksts that further measurs- 
ments oould not be made. The elongatiau data cm wheels 3 snd 4 sxs 
mars cmlete; no bucket failures, however, havs yet oooumed cm 
these wheels. All failures omurred at about the 881119 dietame frcm 
thebudst roots and the type of failure was the esms inall oases 
(fig. 13). 

Nozzle-blade temperature. - The temperature variation along the 
leading edgs of a turbine-nozzle blade located direotly behind 
bumer 1 Is showu in figure 14. These temperatures wsrs obtained by 
three ohransl-alms1 the-oouples looatsd as shmn Tn figure 14. 
Thelooatlonofathermooouple 2$inshesfranthe inner spaosrriug 
was shossu beoause in previous nozzle-blade failures most a? the 
sraoks wsrs near We position. The data indiaate that the hottest 
portian of the nozzle blade is about 2$ Inches frcm the tier spaoer 
ring- The fractures cm the trailing edge oftheturbine buokets ars 
approximately 4 lnahes fran the root. Beoause the turbine-nozzle 
blades and the turbine buokets are supported in a different manner, 
ths tsmpsraturs distribution in thsm may not be the ssme; the buoket 
failures oomrrsd, howsvsr, at the sstns radiallooatiouaethemax- . 
imum measured nozzle-blade tqeraturs. , 

. 

. 
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Metellurgioel Ekmhetion 

Nature of failure. -Beoeuse me of the purposes ofthispro- 
gremie to melate 8erviae perf omeme with the properties of 
vculious alloy8 a8 de$emnined in ate&k&l laboretofy tests, it ie 
importanttobe abletoidentifythe nature of the me&anismthat 
cause's failure. Suah etp identification would pennIt an appraisal 
of the relative Importmae of the propertiee of a material es deter- 
mined by weep, atreee-rupture, or fatigue'teste. 'Runtnation of 
the broken buokete dieoloees that: 

1. The appecmtme of the failure ie the sane in all samples. 

2. The freoture e-bite two deffnite zcmea, which are quite 
differentinappearanoe. Frcpnthe trailingedgetoaboutthemid- 
dle ofthebunlret, the fracture ha8 a ooncholdal surfam elmilarto 
those of iractures obtained in the failure of brittle materials. 
l?hie part of the tiacture 18 referred to as the %rittlen fracture. 
The brittle fracture ha8 a dark gray coat of oxide. The rest of 
the crack has e fibroue appearance very similar to that exhibited 
bytimslle-test speoimane that have failedwlthacup-snd-cone 
fracture. This portionof the fracture 18 referredto aathe 
"duotile" fraoture. The duotile fzemture has a bright blue oxide 
weting. 

3. MlcrographIaemmlnatl~make8 it almost certaintthatboth 
type8 of failure aretransarystalline. 

4. A light eleotrolytio et& in hydroohlorio acid remove8 the 
bright blue oxide mating but doee not ecmp1etel.y rmove the dark 
mw me= Thiedifferance Lndiwtee that the oxide coating is 
thioker on the brittle fraoture and therefore that this portion 
ha8beenemo8edto theairlmger. 

These observations lead to the aonalusionthat the failures 
are due to fatigue oracks that start at the trailizq edge and pro- 
@?888 Until the oentrifU&bfOree Et-Z%88 ~theZ'8WipingportiaS 
of the blade be-8 equal to the ultfmate strength and the material 
fails hten8lcm. Speolmen8thathsve felled in strese-rupture 
teats of lcmg daraticn (that ie, of low etrese) exhibit thie type of 
brittle failure; however, the oraoks present in such failure8 me 
interorystalline and not trenmrystalline. 

Beoauae such e mxrietim exists between the life of buckets 
obtainedfrcmtwo eo~e,ametallurgi~le~~cra~sBeto 
findthereasonforthe short life of thebrokenparta. 
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The chemioal analyeie ob the broken aud unbroken buokete pre- 
sented ln table I indhetes that they were within the engine n&m- 
ftdXU?Sr’8 Ep8OififX3tiOUE. 

The maoroex8minatian did imt di8olOEe any ei@f'imsut differ- 
emea eltherbetweenthethee 8amphe orbetweenbrokenand 
unbroken buckets from the 8me wheel. Thegrainestthe trailiag 
edgeweremuch mallerthauinthe bcdyofthebuaketprobablydue 
to variation in the cooling rate in the mold. (See fig. 3.) 

Badger (referenoe 1) mentiOn8 that the early Vltallium alloys 
exhibited brittleness within the temperature rauge between WOO0 
aud 1475' F due to aging. The ph88a pZ%Cipi&ating f%m the matrix 
had a alOSe-pa&d hexagoual 8tI'UCStUre. The brittl~e88 W88 elim- 

inated later by additicm of nickel. Inord8rtoa8cmrtainlfeny 
embrittleme& of this nature had taken place, X-ray diffraatlan 
piotUr88 were mede of the broken parts. Although no lines peculiar 
to a alOSe-paoked hexagcxml etxuuture were deteoted, the reeta.lte 
were not O~dUEiVO beoame the tie grain EiZ8 prevented EatiS- 
faotary pattern8 fram be- obtelned. 

%Ed~E Of EUpefliOial hardne88 indiOated PO abnonaal iPCXU38e 
in the hardness of the broken buokete. The material therefore 
canuot be cmueidered aa having bean embrittled aa a result Of phase 
ChangeE. 

Mioroeoopio inveetl&%tiau did not definitely eEtEabli8h the 
cause of the bucket failures. Well-defined eutectlo areas at the 
dendtritio boundariee and 8m oarbide precipitation exist& 
(fig. 15). The88 eUt8otio areas (figs. 16 and 17) are very pran- 
iuent et the trailing edge, where it ie believed the crack ertarted. 
A view of a ocmparable area at the leading edge (fig. 18) ahoW a 
mall amount of euteotlo material. Such a oonaentration of euteatio 
area8 et the trailing edges may be a factor oontrlbuting to the 
h?U't Of fatigue UX'aUkE. 

The re8ulte of the cyolio mgine tests and of the examinaticm 
of the three broken cast Vitallium turbine buckets may be e~~mmrlsed 

a8 fO~OWE4: 
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1. The ftiet wheel Ron eust&ned CL bucket failure during 
qele 22 after 7 hours and 20 minitee. The broken bucket wa8 
replaced and three oyolem later another buaket failed after 8 total 
runningtimeof8 hoUrsand 12 tiUte8. 

2. The second wheel had a bucket failure during oyole 29 after 
9 hour8 aad 28 IUiIUIteE. Ho further failure oomrred ti 66 addi- 
tiOIM31 OyCleE dUrlmg a total ruppIp8 time Of 31 hour8, 40 miaate8. 

3. The third wheel was operated 229 oyclee (76 hr and 20 min) 
without e buoket failure. 

4. The fourth Wh981WEiE run 105 Gyelee (35 *) without e 
buoketfailtxre. 

5. Fatigue vae apparently the cause of the bucket failures. 

6. &Waive eUteOti0 areaethatexi8tednearthe trailing edge ' 
probably cmntributed to the low fatigue 8trengbh. 

FM&t PropUleion Research Laboratory, 
Rational Advisory Wttee for AemUaUtioe, 

Cleveland, Ohio. 

1. Badger, B. 8.: Het8llurgY Of High-TeILpSrerture Alloys. &nllal 
Meeting A.S.T.M., Jam8 1946. 
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TABLE I -(XEXWL~~SOF s4KwIsoFcAsp 

vrra TURBINE mcmrs 

[Molybdenum anslyeie by National Bureau of Standerds; other 
analyeee by a ommerolal laboratory] 

1 
Element 

CexboDl 
Manganese 
Phosphom 
Ezulphur 
s1110oxl 
ChfdUUt 
Ml&e1 
MOlywenup 
Cobalt 
TitapiUm 
Columbium 
Tpangt3t~ 
Ihal 
Copper 
Bitrogm 

WC 
( 

Buoket 
2-18 

en but 
eroent 

et8 

Buaket Buoket 
1-13 l-2 

0.32 0.29 0.33 
.31 .33 .25 
.031 .029 .026 
.05 .05 .05 
.51 .57 .53 

27.95 27.78 27.96 
2.81 2.66 3.04 
5.60 5.85 5.80 

63.37 63.90 63.92 
l Ol .Ol .Ol 
.19 .19 .16 
.16 .08 .08 

1.06 .75 .49 
------ m----- -----I 
------ w----- 

T 
..L 

Uhbroken bu 
(per-t 

Bucket Buoket 
l-12 3-43 

0.250 0.235 
.61 .31 
.014 ,020 
.029 ,024 
.52 .49 

28.4Q 28.34 
2.31 2.15 
5.80 5.21 

52.69 62.85 
w-m--- ----o- 
--I--- ---m-m 
m----o ------ 
w----- --o-o- 
----o- --o-m- 

.09 .I.2 

k&E 

Buoket 
4-16 

0.231 
.49 
.020 
.024 
.41 

28.16 
2.27 
5.60 

62.73 
o--m-- 
-----o 
-----a 
------ 
s----m 

.13 

&ine menu- 
heturew'8 
Ip8OifiO8- 
;lCXh 

(per-t) 

0.15-0.35 

25.5-29.5 
1.75-3.25 

5.0-6.0 
Remainder 

0.50-2.0 
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Figure I. - Photograph of turbojet engine mounted on pendutum-type sea- 
level test stand showing NACA variable-area jet nozzle used to control 
gas temperature in exhaust cone. 
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Figure 2. - Turbine-blade measuring jig installed on turbine wheel used 
to obtain change in position of bucket tips. 
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Bucket I-13 

Figure 3. - End views of broken 

Bucket l-2 

st Vitalllum turbine buckets, 

Bucket 2-18 NACA 
c- 17647 
1.22.47 
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1 4l-. .%A . 

Bucket I-13 Bucket l-2 

Figure 4. - Slde vlsws of broken cast V 
etched In IO-percent 

Buckets were elcctro 'Itallium turbine buckets. 
hydrochloric acid to show grain size. 

. 

Bucket Z-18 NKA 
c. 17848 
1.22.47 

lytlcally 
3 
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Fibrous portion 

-l- Britt I e portion 

NATIONAL AOYISORY 
CObMlTTEE FOR AERONAUTICS 

Figure 5. - Sketch showing location of samples cut from 
broken turbine buckets for microexamination. BI ack areas 
Indicate pal ished surfaces. 
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Figure 6. - Wheel I after first bucket rallure [bucker I-131, which occurrea during 
cycle 22 (7' hr, 20 min). 

N 



. 



NACA RM No. E7J23 a 

Figure 7. - Wheel I after second bucket faI lure (bucket l-2) 
which occurred during cycle 25 (8 hr, 12 mtnl. 
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,Figure 8. - Wheel 2 after first bucket fai Iure (bucket 2-18 
which occurred during cycle 29 [g hr, 28 min). 



. 
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Figure 9. - Damaged outer burner tube after I I hours and 8 
minutes. 
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Figure IO. - Damaged turbine-nozzle diaphragm from engine 
after 28 hours and 44 minutes. 
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Figure II. - Wheel 3 after a total running time of 76 hours 
and 20 minutes showing axl al shi ft of buckets. 
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0 

.m 
--- I I I I I I I I 4 I I I lilti I 

I ! 

I 3 5 7 9 II 13 I6 I7 lb 21 P 25 27 29 31 35 37 39 41 43 ai 47 49 61 
Turbine-bucket position 

Figure 12. - Varlrtlon of turbine-bucket elongation with tire for four wheels investigated. 
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Bucket I-13 Bucket 1-2 Bucket Z- I8 
NACA 

c- 15600 
a-9- 46 

Figure 13. - Broken cast vital I ium turbine buckets. Bucket 
I-13 was sectioned for metal lographic examination. 
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I I I I I I 1 I J 
3 

OisBnce fran ikr spacer ring, in. 
4 

Figure 14. - Temperature variation along leading edge of turbine-nozzle 
blade on center line of burner I in turbojet engine at various rotor 
speeds. 
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NACA 
C- t7652 
I-22-47 

Figure 15, - Mfcrophotograph of sampIe from Iocation 3 
[fig. 5) one-half inch from crack showing eutectic area 
and precipitated carbides. Aqua-regi a etch, 5 percent; 
magnification, 500x. 
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NACA 
C- 17649 
t-22-47 

Figure 16. - Microphotograph of sample from location I 
(fig. 5) close to brittle portion of crack showing targe 
amounts of eutectic materiat at grain boundaries. Chromic- 
acid and potassium-permanganate etch; magnification, 50X. 
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NACA 
c- 17650 
t- 22-47 

Figure 17. - Microphotograph of sample from location 2 
(fig. 5) close to brittle portion of crack showing large 
amounts of eutectic material at grain boundari es. Aqua- 
regia etch, 5 percent; magni fication, 500 x. 
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- ;- . . NACA 
C- I765 I 
t-22-47 

Figure 18. - 
I fig. 51 at 

Microphotograph of sample from location 4 
leading edge showing 

eutectic materi al. 
very little amount of 

nate etch; 
Chromic-acid and potassium-permanga- 

magnification, 50x. 
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